Transcriptional elongation is a critical step for regulating expression of protein-coding genes. Multiple transcription elongation factors have been identified in vitro, but the physiological roles of many of them are still not clearly understood. The ELL (Eleven nineteen Lysine rich Leukemia) family of transcription elongation factors are conserved from fission yeast to humans. Schizosaccharomyces pombe contains a single ELL homolog (SpELL) that is not essential for its survival. Therefore to gain insights into the in vivo cellular functions of SpELL, we identified phenotypes associated with deletion of ell1 in S. pombe. Our results demonstrate that SpELL is required for normal growth of S. pombe cells. Furthermore, cells lacking ell1 + exhibit a decrease in survival when exposed to DNA-damaging conditions, but their growth is not affected under environmental stress conditions. ELL orthologs in different organisms contain three conserved domains, an amino-terminal domain, a middle domain and a carboxyl-terminal domain. We also carried out an in vivo functional mapping of these conserved domains within S. pombe ELL and uncovered a critical role for its amino-terminus in regulating all its cellular functions, including growth under different conditions, transcriptional elongation potential and interaction with S. pombe EAF. Taken together our results suggest that the domain organization of ELL proteins is conserved across species, but the in vivo functions as well as the relationship between the various domains and roles of ELL show species-specific differences.
INTRODUCTION
Expression of genes is regulated at multiple levels in eukaryotic cells and one of the early steps at which control of expression of most genes occurs is at the level of transcription. Assembly of the pre-initiation complex and initiation of transcription have been most extensively studied as regulatory steps during transcription of protein-coding genes. However, transcriptional elongation is now considered to be another key step for fine-tuning gene expression. Several proteins with roles in elongation of transcription have been identified using in vitro transcription assays, and research is now focussed on understanding their physiological roles [1] [2] [3] [4] .
The ELL (Eleven nineteen Lysine rich Leukemia) family of proteins in humans comprises three different members, ELL, ELL2 and ELL3 [5] [6] [7] . They belong to the category of transcription elongation factors that function to suppress transient pausing of RNA polymerase II enzyme along the DNA template in vitro [5, 6] . The first member of this family, ELL, was identified as a translocation partner of trithorax-like Mixed Lineage Leukemia gene in acute myeloid leukemia [8] . These ELL proteins have been shown to interact with two other proteins, EAF1 and EAF2 (ELLAssociated Factors), in yeast two-hybrid and co-immunoprecipitation assays [9, 10] . EAF proteins upon association with ELL proteins stimulate the transcriptional activity of the ELL proteins [11] . Both ELL and EAF proteins have also been found to be present in various large multiprotein complexes inside cells, including 'super-elongation complexes' (SEC) [12] and 'little elongation complexes' (LEC) [13] . ELL has three distinct domains, amino-terminal domain, middle domain and carboxyl-terminal domain. Structurefunction studies have shown that the transcriptional elongation potential of mammalian ELL lies in its amino-terminal domain [14] . Moreover, human ELL associates with EAF1 and EAF2 through its amino-terminal domain, while it uses both its carboxyl-terminal and amino-terminal domains to interact with EAF1 [9, 10] . Studies have shown that the carboxyl-terminal domain of human ELL is essential for leukemogenesis in vivo [15] and cell immortalization in vitro [16] . The carboxyl-terminal domain has also been shown to be important for regulating cell growth [17] . A more recent study by Chen et al. [18] identified the role of ELL as a E3 ubiquitin ligase that is involved in the proteasomal degradation of c-Myc.
ELL orthologs have also been identified in many other organisms over the years. Both Drosophila and C. elegans contain a single homolog of ELL, which is essential for their viability. ELL also interacts with EAF in both these organisms [19] [20] [21] . In Drosophila, ELL increases the rate of RNA polymerase II-mediated transcription in vitro, and is also present along with the elongating RNA polymerase II on transcriptionally active sites on the polytene chromosomes in vivo [19, 20, 22] . Mutational analysis of Drosophila ELL (dELL) showed that its carboxyl-terminal is involved in its essential functions, its middle domain is required in its mobilization with RNA polymerase II to heat-shock loci upon heat shock and the amino-terminal domain is important for its binding to chromatin in vivo. Moreover, neither the amino-terminal domain nor the middle domain is essential for the viability of Drosophila [23] . The single ELL homolog in C. elegans is involved in regulating normal development, fertility and cuticle collagen function [21] . Two ELL homologs, xELL1 and xELL2, are present in X. laevis and the carboxyl terminal of ELL proteins binds to the Dishevelled protein and inhibits Wnt signalling pathway [24] . All these observations suggest that the ELL protein(s) may have different roles in different organisms.
The most recent ELL ortholog was identified in the fission yeast, Schizosaccharomyces pombe, using a bioinformatics approach. A single copy of ELL (SpELL) and EAF (SpEAF) are present in this yeast, while no ortholog of any of these proteins has been identified in the budding yeast, Saccharomyces cerevisiae. Interestingly, both S. pombe ELL (SpELL) and S. pombe EAF (SpEAF) are dispensable for cell viability in contrast to their higher eukaryotic orthologs. S. pombe ELL and EAF also interact to form a stable heterodimer that functions in transcriptional elongation by RNA Polymerase II in vitro [25] , resembling their counterparts in higher eukaryotic organisms. However, our understanding of the physiological functions of ELL in S. pombe is still limited. Thus, in this study we have identified various cellular processes in S. pombe that require SpELL and further used deletion mutant analysis to delineate the role of each domain of SpELL in regulating its different cellular functions.
METHODS
Bacterial and yeast strains Escherichia coli Top 10 [F-mcrA (mrr-hsdRMS-mcrBC) 80LacZM15 lacX74 recA1 ara139 (ara-leu)7697 galU galK rpsL (StrR) endA1 nupG] was used as a host for cloning and plasmid maintenance. It was grown in LB media and appropriate antibiotics required for plasmid maintenance were added to the media whenever necessary.
Schizosaccharomyces pombe strains FY254 (h-ura4-D18leu1-32ade6-M210 can1-1) (kind gift Professor Susan Forsburg, University of Southern California, USA), PP138 (ade6-M216 leu1-32 ura4-D18 his3-D1), and Dell1 (kind gift Dr Joan Conaway, Stowers Institute for Medical Research, USA) were grown either in rich medium (YE supplemented with 225 µg ml À1 each of adenine, leucine and uracil) or standard minimal medium (EMM) with the required supplements at 32 C. Saccharomyces cerevisiae yeast two-hybrid strain AH109 (MATa, trp1-901, leu2-3,  112, ura3-52, HIS3-200, gal4D, gal80D, LYS2::GAL1UAS-GAL1TATA-HIS3,GAL2UAS-GAL2TATA-ADE2, URA3:: MEL1UAS-MEL1TATA-LacZ) was grown either in rich YPD medium or standard synthetic drop-out medium with supplements as required.
Cloning and plasmid construction Full-length SpELL(1-533aa) was amplified from a S. pombe cDNA library (kind gift Professor Charles Hoffman, Boston College, USA) using PCR and cloned into the S. pombe expression vector, pART1 (kind gift Professor Susan Forsburg, University of Sothern California, USA). Subsequently different truncation mutants of SpELL, i.e. SpELL(1-353aa), SpELL(1-465aa), SpELL(354-465aa), SpELL(354-533aa) and SpELL(465-533aa), were amplified by PCR using full-length SpELL as template and suitable primers designed for amplifying the specific SpELL truncated mutant. The PCR fragments were then cloned into suitable restriction sites of either pARTI vector for complementation studies or pGBT9 vector containing the GAL4 DNA binding domain (DBD) for yeast two-hybrid analysis. Full-length SpEAF was cloned in-frame in the pGAD424 vector containing the GAL4 activation domain. For protein expression and localisation studies full length SpELL and its mutants were cloned in pSGP73 vector with HA tag (kind gift Professor Susan Forsburg, University of Sothern California, USA). Full-length human ELL [HsELL(1-621 aa)] or its amino [HsELL(373-621aa)] and carboxyl-terminal truncation mutant [HsELL (1-373 aa)] were amplified by PCR from full-length HsELL and cloned in the pART1 vector using suitable restriction sites.
The sequence of primers used in the study is given in Table 1 . All the plasmid constructs generated in the study are listed in Table 2 .
Strain construction
The chromosomal copy of ell1 + was deleted in the S. pombe strain, FY254, by homologous recombination method described by Gregan et al. [26] . Briefly, the upstream and downstream regions of the SpELL ORF were PCR amplified and cloned in the pFA6a-kanMX6 vector containing the kanamycin cassette (kind gift Proffessor Antony Carr, University of Sussex, UK) in such a manner that it recreated a NheI restriction site between the cloned homologous regions. This plasmid containing the ell1 + homology regions was then linearized using NheI and transformed into the FY254 strain. Colonies were selected on YE plates supplemented with adenine, leucine, uracil and containing 100 µg ml À1 of geneticin. Homologous recombination and subsequent exchange of chromosomal ell1 + ORF by the kanamycin cassette was confirmed by PCR amplification of the upstream and the downstream regions. Amplification was done by universal and ell1 + specific checking primers (Table 1) . Furthermore, no expression of ell1 + was observed in the ell1 deletion strain as tested by real-time PCR (data not shown).
Growth experiments
The required strains were grown overnight with shaking at 32 C in EMM with appropriate supplements. Next day, these pre-cultures were diluted in fresh EMM medium to an OD 600nm of 0.1 and then growth of these strains was monitored by taking absorbance every three hours at 600 nm for 33-36 h. Average of three experiments was taken and graph plotted with mean±SD. For determining cell viability during stationary phase, wild-type and Dell1 strains were plated onto EMM plates with appropriate supplements after every 12 h from 33 h upto 96 h. Plates were incubated for 3 days at 32 C and colonies obtained were counted to calculate percent viability considering 33 h time point as 100 %.
Stress spot assay and 6-azauracil sensitivity Stress spot assay was performed by growing the desired strains overnight in minimal medium with required supplements. These strains were sub-cultured next day and were allowed to grow till OD 600nm of 0.4-0.5 was reached. Serial dilutions (1:10 or 1:5) of the desired strains were then spotted on different EMM plates as required for the specific stress treatment. For DNA-damaging stress, either 0.4 µM 4-NitroQuinoline-N-Oxide (4-NQO), 0.01 % Methyl Methane Sulfonate (MMS) or 10 mM Hydroxyurea (HU) was added to the EMM plates. For UV-induced stress, cells were spotted on EMM plates with supplements, incubated at 32 C for 24 h and then exposed to 100 µJ cm À2 of UV-C.
For environmental stress, 1M sorbitol or 0.75 mM hydrogen peroxide was added to the EMM plates for osmotic and oxidative stress respectively. For temperature stress, strains were spotted on an EMM plate with required supplements and the plate was incubated at 37 C. The desired strains were spotted at 1:10 serial dilution on EMM plates. All plates, except those for temperature stress, were incubated at 32
C. The plates were photographed after 3-4 days. To check for growth sensitivity of different strains towards 6-azauracil, different strains were spotted in a 1 : 10 serial dilution on EMM plates containing 300 µg ml À1 6-azauracil (Sigma-Aldrich). The plates were then incubated at 32 C and photographed after 3 days. All the above experiments were repeated three times and a representative picture from one such experiment is shown.
Survival curves
Wild-type and Dell1 strains were grown overnight at 32 C in EMM media with suitable supplements. Next day, these strains were sub-cultured and grown to an OD 600nm of 0.5-0.6. Each of the two strains were spread separately on different concentrations of 4-NQO ranging from 0, 0.01, 0.05, 0.1, and 0.15 µM 4-NQO to test the sensitivity of these strains towards 4-NQO. For survival curves in the presence of UV, wild-type and Dell1 strains were spread on EMM plate with required supplements. These plates were incubated for 24 h at 32 C and then exposed to different doses of UV ranging from 0, 100, 200, 300 and 400 µJ cm -2 . Colonies were counted after 3-4 days of incubation at 32 C. Survival percentage was calculated at different 4-NQO or UV doses from three different experiments and the survival curve was plotted along with standard error.
Yeast two-hybrid interaction analysis S. cerevisiae strain AH109 was co-transformed using the standard lithium acetate procedure with appropriate sets of plasmids expressing DNA binding domain-fusion protein as well as DNA-activation domain fusion protein and transformants were selected on synthetic drop-out media lacking leucine and tryptophan to allow for selection of plasmids. HIS3 reporter gene activation was observed by colony forming ability of these transformed cells on synthetic drop-out medium lacking histidine, leucine, and tryptophan. Different strains were spotted on these plates and incubated at 30 C and photographed after three days. These experiments were repeated three times and a representative picture from one such experiment is shown.
To determine the activation of the LacZ reporter gene, cells were grown to mid-logarithmic phase at 30 C in synthetic drop-out medium lacking leucine and tryptophan and supplemented with 2 % galactose. The activity of the LacZ reporter gene was analysed by liquid b-galactosidase assays using Ortho-Nitrophenyl-b-D-Galactopyranoside (ONPG) (Sigma-Aldrich) as substrate. The b-galactosidase activity (normalised to protein concentration) was calculated for three independent transformants and the average b-galactosidase units from three such experiments was calculated and plotted with standard deviation.
Bioinformatics analysis ELL sequence from S. pombe, C. elegans, D. melanogaster and H. sapiens was aligned using Clustal omega and Needleman-Wunsch algorithm in EMBOSS global alignment tool. Various patterns and motifs in ELL sequence were examined using PROSITE, myhits-Motif Scan tool from Expasy server as well as NLS prediction program, cNLS mapper [27] [28] [29] [30] . Different software tools, including PSIPRED, RONN and DisProt, were used for prediction of secondary structure elements in SpELL(354-465aa) [31] [32] [33] [34] . Cellular fractionation and western blot Cellular fractionation was done as previously described in fission yeast by Bonfils et al. [35] with a few modifications [36, 37] . Cells were pelleted and re-suspended in PEM-sorbitol (100 mM PIPES, pH 6.9, 1 mM EDTA, 1 mM MgSO 4 , 1.2 M Sorbitol) containing Zymolyase (G-Biosciences), 10 mM DTT (Sigma), 2 mM PMSF (Sigma) and 1X protease inhibitor cocktail (G-Biosciences). This resuspension was incubated at 32 C for 2 h. The spheroplasts thus obtained were centrifuged for 1 min at 1000 g. Supernatant was discarded. The pellet obtained was suspended in MES (0.1 M MES, pH 6.4, 1 mM EDTA, 0.5 mM MgCl 2 ) with 2 mM PMSF and 1X protease inhibitor cocktail and incubated on ice for 20 min. 200 µl of this obtained whole cell extract (WCE) was saved and the remaining 550 µl was loaded on a 30 % sucrose cushion in MES to fractionate it into nuclear and cytoplasmic fractions. The supernatant and the pellet obtained after centrifugation at 16 000 g for 10 min were labelled as cytoplasmic and nuclear fractions respectively. Equal extracts (5 % of WCE) of each fraction was loaded on SDS-PAGE gel for western blot analysis. Western blot was performed using monoclonal anti-HA primary antibody (Sigma-Aldrich) and anti-mouse secondary antibody (Jackson ImmunoResearch). The signal was detected using the Super Signal western blotting reagent (Thermo-Fisher). These experiments were repeated in duplicate and a representative picture is shown.
RESULTS
SpELL is important for normal growth of S. pombe cells ELL is important for the viability of Drosophila [19] and C. elegans [21] , but its deletion in S. pombe does not affect survival of yeast cells [25] . Therefore, we first decided to study the effect of deletion of ell1 + on normal growth of cells and constructed an ell1 deletion strain as described in the materials and methods section. We monitored the growth of the ell1 deletion strain and its isogenic wild-type strain at regular intervals over a period of 33 h. It was observed that the ell1 deletion mutant divided at a rate less than that of the wild-type strain during the exponential phase of growth and it also did not reach the wild-type level of cell density at the stationary phase (Fig. 1a) . We further confirmed these observations in another ell1 deletion constructed in a different strain background (PP138) to avoid strain-background based differences (Fig. S1 , available in the online Supplementary Material). We next determined if deletion of ell1 + affected cell survival during stationary phase and our survival assays revealed that ell1 deletion cells maintained viability through long periods during the stationary phase and percentage cell survival was similar to wild-type cells (Fig. 1b) . All these results showed that although ell1 deletion is not lethal in S. pombe, but SpELL is important for the normal growth of S. pombe cells.
ell1 deletion affects survival of cells exposed to genotoxic stress conditions, but does not affect growth under environmental stress conditions We next examined whether SpELL is required for the survival of cells under different stress conditions. Both ell1 deletion and its isogenic wild-type strains were exposed to a variety of DNA damaging agents, 4-NitroQuinoline-NOxide (NQO), Methyl Methane Sulphonate (MMS), ultraviolet radiation and hydroxyurea (HU), and the growth sensitivity of these strains was checked under these conditions using stress spot assays. The results of these assays demonstrated that absence of SpELL resulted in an increased sensitivity of S. pombe cells towards NQO, MMS and UV. However, ell1 deletion cells were not sensitive to HU when compared to wild-type cells (Fig. 2a) . To further quantitatively analyse the effect of DNA damage on cell survival, both ell1 deletion strain and its isogenic wild-type strain were exposed to increasing dose of 4-NQO or UV and percentage survival was calculated at different doses for both the strains. These survival curves showed that the ability of ell1 deletion cells to survive DNA damage was significantly reduced as compared to the isogenic wild-type cells (Fig. 2b) , suggesting that SpELL is required for the viability of yeast cells when subjected to DNA damaging conditions. To test if SpELL was required specifically for survival under DNA damaging conditions or if deletion of ell1 + would also confer sensitivity against environmental stress conditions, ell1 deletion and the isogenic wild-type strains were exposed to heat, osmotic, and oxidative stress conditions. No significant defect in growth was seen under these environmental stress conditions in ell1 deletion mutant as compared to the isogenic wild-type cells (Fig. 2c ). All these observations were also confirmed in the PP138 background ell1 deletion and its corresponding wild-type strains (Fig. S2) . Taken together, the results of all these experiments show that SpELL is indispensable for survival of yeast cells specifically under conditions of DNA damage and ell1 disruption does not adversely affect growth of yeast cells under environmental stress conditions.
ELL shows a conserved domain organisation across organisms
The ELL sequence of S. pombe was aligned against the ELL sequence from C. elegans, D. melanogaster and H. sapiens using Clustal Omega (Fig. S3) . The sequence alignment revealed that all these orthologs contained three conserved domains, an amino-terminal domain (corresponding to amino acids 1-353 amino acids in S. pombe ELL), a middle domain (corresponding to amino acids 354-465 in S. pombe ELL) and a carboxyl-terminal domain (corresponding to amino acids 466-533 in S. pombe ELL). Pair-wise alignment using Needleman-Wunsch algorithm in EMBOSS global alignment tool showed that the highest homology of S. pombe ELL was found to be with C. elegans which exhibited 33.5 % similarity, while the percentage of similarity between S. pombe ELL and D. melanogaster was 18.5 % and with H. sapiens ELL was 31.3 %. Furthermore, each of the domains independently also exhibited a similar level of sequence conservation across these organisms. Search for different motifs in S. pombe ELL using various softwares revealed that a bipartite nuclear localisation signal (NLS) with the known consensus sequence (K/R)(K/R)X(10-12)K (K/R)(K/R)3-5 [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] was present between 446-460 amino acids of S. pombe ELL where K is lysine, R is Arginine and X is any amino acid. Furthermore, other nuclear localisation signals were also found to be present in the regions between 99-113 amino acids and 473-488 amino acids. Such functional nuclear localisation signals have earlier been reported in literature in other proteins as well [29, 38] . Furthermore, S. pombe ELL sequence was also found to contain two leucine zipper motifs in its carboxyl terminus between 503-524 amino acids and 510-531 amino acids. A serine rich region was found in S. pombe, C. elegans and D. melanogaster ELL corresponding to 327-433 amino acids, 201-245 amino acids and 188-764 amino acids respectively, but such a region was not present in H. sapiens ELL (Fig. 3a) . All these ELL proteins contained an occludin-like domain in their carboxyl-terminus [21, 25] . Thus, S. pombe ELL shares some conserved sequence features with its other orthologues, while it also shows certain unique sequence characteristics.
The amino terminal domain of SpELL is essential for rescue of the growth defect of the ell1 null mutant To examine the functional significance of the different domains of SpELL, a series of overlapping amino and carboxyl terminal SpELL truncation mutants were generated as depicted schematically in Fig. 3(b) . The two carboxyl-terminal truncation mutants, SpELL(1-353aa) and SpELL(1-465aa), contained a deletion of carboxyl-terminal 354-533 amino acids and 466-533 amino acids respectively; the amino-terminal truncation mutants, SpELL(354-533aa) and SpELL(466-533aa), contained a deletion of 1-353 amino acids and 1-465 amino acids respectively. Each of these mutants, full-length SpELL or vector alone, was transformed into the S. pombe ell1 null mutant and the ability of these SpELL mutants to complement the various phenotypes associated with the lack of ell1 was tested. A comparison of growth kinetics of the different SpELL truncation mutants under normal growth conditions revealed that the slow growth of S. pombe ell1 deletion strain was partially rescued by expression of 1-465 amino acids of SpELL, while expression of 1-353 amino acids of SpELL completely rescued the slow-growth phenotype of ell1 deletion strain and showed a faster growth rate than even the ell1 deletion strain expressing full-length SpELL (Fig. 4a) . In comparison, ell1 deletion strain expressing SpELL containing 354-533 amino acids grew equivalent to the ell1 deletion mutant and expression of SpELL containing 466-533 amino acids resulted in only a partial rescue of growth of the ell1 deletion strain (Fig. 4b) . Thus, loss of 1-353 amino acids affects the ability of SpELL to restore normal growth to the ell1 deletion strain. A similar pattern of results was obtained in stress spot assays where the carboxyl-terminal truncation mutant, SpELL(1-353aa), supported growth equivalent to the full-length SpELL in the presence of 4-NQO, MMS and UV. Two other mutants, SpELL(1-465aa) and SpELL(466-533aa) exhibited a partial rescue of the growth defect of the ell1 deletion strain under DNA damaging conditions. The amino-terminal truncation mutant, SpELL(354-533aa), was defective for growth under these conditions resembling the ell1 deletion strain (Fig. 4c) . Nuclear localisation sequence was predicted in different regions of of S. pombe ELL (Fig. 3a) and we next examined the presence of NLS in these regions by subcellular fractionation followed by western blot analysis, which showed that full-length S. pombe ELL or S. pombe ELL deletion mutant encompassing either 1-353 amino acids, 1-465 amino acids, 466-533 amino acids or 354-533 amino acids were specifically targeted to the nucleus, corroborating our sequence analysis results (Fig. 4d) . Thus, expression of only (a) Growth of Dell1 strain was compared to its isogenic wild-type strain under normal growth conditions. Absorbance was taken at 600 nm every three hours for thirty three hours. Average of three experiments was taken and graph plotted with mean±SD. (b) Cell viability of Dell1 strain was compared to its isogenic wild-type strain during stationary phase as described in the materials and methods. Average of three experiments was taken and graph plotted with mean±SE.
the amino-terminus of SpELL completely rescues genotoxic stress associated growth sensitivity of the ell1 deletion strain.
Moreover, these experiments also showed that the presence of the middle domain of SpELL comprising 354-465 amino acids in the SpELL mutants, SpELL(1-465aa) and SpELL(354-533aa), compromised the ability of these mutants to rescue the growth defects observed in the ell1 deletion mutant (Fig. 4a-c) . Therefore, to specifically investigate the role of the middle domain of SpELL comprising 354-465 amino acids, this domain was cloned and transformed into the ell1 deletion mutant. Growth experiments under normal conditions (Fig. S4a) as well as stress spot assays carried out under DNA damaging stress conditions (Fig. S4b) showed that the growth of ell1 deletion mutant expressing this domain was much less than that of the ell1 deletion mutant itself, indicating that this middle domain of SpELL may have a growth-inhibitory role in S. pombe. We next decided to examine the structure of the middle domain of SpELL using different structureprediction software. Secondary structure elements in SpELL(354-465aa) predicted using PSIPRED v3.3 software tool [31] demonstrated a coiled conformation for majority of amino acid residues (Fig. S4c) . Further, we used different softwares for predicting if this domain contained any disordered regions. Various softwares like Pondr-Fit by DisProt server, IUPRED, GlobPlot, PrDOS, Disopred3 in Dell1 strain when exposed to environmental stress conditions as compared to its isogenic wild-type strain. Cells were serially diluted and spotted on EMM plate with required supplements. For heat stress after spotting cells on EMM plate, it was incubated at 37 C. The plates were photographed after 3-5 days. All stress spot experiments were repeated three times and a representative picture from one such experiment is shown.
and RONN [32] [33] [34] predicted that this domain is structurally disordered (Fig. S4d) , raising the possibility that lack of conformation may be responsible for the absence of rescue by this domain.
Collectively, all these observations suggest that the aminoterminus of SpELL comprising 1-353 amino acids is important for the complete rescue of the growth defect of S. pombe ell1 null mutant seen under both normal conditions and DNA damaging conditions.
Requirement of the amino-terminus of SpELL in transcriptional elongation activity of SpELL ELL is involved in RNA polymerase II-mediated transcriptional elongation in different organisms, including S. pombe [25] . Thus, we next determined which of the domains of SpELL is involved in its transcriptional elongation function in S. pombe. Towards this goal, growthsensitivity of ell1 null mutant expressing different SpELL mutants was determined in the presence of 6-azauracil, a nucleotide depletion drug commonly used to test the role of proteins in transcriptional elongation. The result of this assay demonstrated that the ell1 mutant expressing 1-353 amino acids of SpELL displayed similar growth as the ell1 mutant expressing full-length SpELL in the presence of 6-azauracil, indicating a complete rescue of the elongation defect of the ell1 mutant. The SpELL mutant containing 1-465 amino acids partially complemented the transcriptional elongation defect, as observed with the other phenotypes of the ell1 null mutant. In comparison, expression of any of the amino-terminal truncation mutants of SpELL (Fig. 5) or the middle domain of SpELL (Fig. S4e) did not rescue the 6-azauracil sensitivity of the ell1 deletion mutant. Hence, the transcriptional elongation function of SpELL also mapped to its aminoterminus and the middle or carboxyl-terminal domains of SpELL were not involved in this role of SpELL in S. pombe.
Mapping the domain of SpELL involved in its interaction with SpEAF
To map the SpELL domain important for its interaction with its well-documented interaction partner, SpEAF, the different truncation mutants of SpELL generated in this study were used in the yeast two-hybrid assay. Each of the SpELL truncation mutant was cloned in-frame with the DNA binding domain in pGBT9 vector, while full-length SpEAF was fused in-frame with the DNA-activation domain in the pGAD424 vector. These constructs were transformed into the yeast two-hybrid strain and the activity of two different reporter genes, HIS3 and LacZ, was determined as described in detail in the materials and methods. As shown in Fig. 6(a) , full-length SpELL when transformed with the activation domain vector alone did not show any activation of the HIS3 reporter gene, while co-transformation of both full-length SpELL and SpEAF resulted in activation of the HIS3 reporter gene as evidenced by growth on media lacking histidine. Furthermore, SpELL mutant containing 1-353 amino acids or 1-465 amino acids showed interaction with full-length SpEAF as observed by growth on histidine-lacking media, while no interaction was observed between any of the other SpELL truncation mutants and full-length SpEAF as no growth of transformants was seen in histidine-lacking media (Fig. 6a) . Furthermore, the strength of interaction of SpELL(1-465aa) mutant with SpEAF was less than that observed between SpELL(1-353aa) and SpEAF as the extent of growth of different transformants in case of SpELL(1-465aa) was less than that of SpELL (1-353aa) (Fig. 6a) . To further confirm these observations, activity of the LacZ reporter gene was also estimated by performing b-galactosidase assays. In agreement with the results of the HIS3 reporter gene assays, the LacZ reporter gene activity obtained in case of full-length SpEAF and SpELL(1-353aa) was 3.2-fold higher than that obtained between full-length SpELL and vector alone, while the LacZ reporter activity in case of SpELL(1-465aa) and full-length SpEAF was calculated to be 2.8-fold higher than that observed between full-length SpELL and vector alone (Fig. 6b ). All these results together demonstrate that the SpELL amino-terminal domain containing 1-353 amino acids is sufficient for interaction with the SpEAF in vivo. The carboxyl-terminal domain of human ELL partially complements the slow growth phenotype of S. pombe ell1 deletion The carboxyl-terminal domain of human ELL has been shown to be important for regulating growth of mammalian cells [17] . We next decided to test the functional complementation of the slow growth phenotype associated with S. pombe ell1 deletion mutant by the full-length human ELL (HsELL) and its amino and carboxyl-terminal domains. Therefore, S. pombe ell1 deletion mutant was transformed with either full-length HsELL (1-621aa), HsELL aminoterminal domain (1-373 aa) or HsELL carboxyl-terminal domain (374-621aa), and the growth of all these different strains was monitored. As is evident in Fig. 7 , both the fulllength and the carboxyl-terminal domain of human ELL partially rescue the slow growth phenotype of S. pombe ell1 deletion cells.
DISCUSSION
A single homolog of ELL (SpELL) is present in S. pombe [25] similar to Drosophila [19] and C. elegans [21] . In comparison, no ELL homolog has been identified in S. cerevisiae [25] , while three ELL homologs are present in humans [5] [6] [7] . Different in vitro and in vivo experiments in various organisms have identified a common role of these proteins in transcriptional elongation [14, 23] . However, deletion of the gene encoding ELL causes lethality in Drosophila [19] and C. elegans [21] , but does not affect viability of S. pombe cells [25] , indicating that ELL proteins may have evolved differently to perform different functions in different species.
Our understanding and knowledge of the physiological role (s) of SpELL has remained limited so far. Since deletion of ell1 + is viable in S. pombe, in this study we employed an approach of characterizing the phenotypes associated with the deletion of this protein with the aim to gain insights into its physiological role in S. pombe. Our growth kinetic experiments revealed that though S. pombe ell1 null mutant is viable, it showed substantially reduced growth rate under normal growth conditions (Fig. 1a) . ell1 deletion cells also exhibited viability for long periods during stationary phase and percent cell viability was similar to wild-type cells (Fig. 1b) . Moreover, SpELL was found to be essential for survival of S. pombe cells when they were subjected to genotoxic stress conditions by treatment with 4-NQO, MMS or UV, as was evident by a significant loss of viability of ell1 deletion cells under these conditions. However, no significant growth-related sensitivity was observed upon treatment with the replication inhibitor, HU (Fig. 2a, b) . This could possibly be because HU specifically activates the replication checkpoint and SpELL may not be involved in regulating this process. Interestingly, growth of ell1 + deleted cells was unaffected when these cells were exposed to heat, osmotic or oxidative stress (Fig. 2c) . These findings suggest that SpELL plays a specific role in stress response and survival in the presence of DNA damaging conditions only.
An in-depth understanding of the molecular functions of SpELL in different biological processes also requires an elucidation of its domain organisation. Our bioinformatics analysis of the S. pombe ELL sequence revealed that SpELL resembles its orthologues in other organisms in containing three independent domains, an amino-terminal domain comprising 1-353 amino acids, a middle domain comprising 354-465 amino acids and a carboxyl-terminal domain comprising 466-533 amino acids. However, S. pombe ELL sequence also exhibits certain unique features including the presence of a bipartite nuclear localisation signal and two leucine zipper motifs. In contrast to human ELL that contains a lysine rich-sequence, ELL from S. pombe, C. elegans and D. melanogaster contain a serine-rich region (Fig. 3a) . All these observations indicate that ELL sequences across different organisms displays some common conserved characteristic features, while some features may be unique to a specific organism(s). We further carried out a deletion analysis of the SpELL protein with the aim to delineate the specific roles of the conserved domains in regulating phenotypes linked with the deletion of ell1 in S. pombe. Our structure-function analysis of the different SpELL truncation mutants provided evidence that the S. pombe ell1 mutant containing only the amino-terminus 1-353 amino acids showed faster growth than even the full-length SpELL under normal growth conditions (Fig. 4a ). This amino-terminal domain of SpELL was also sufficient to complement the growth-defect seen under DNA damaging conditions (Fig. 4c) . These observations are in contrast to the findings in mammalian cells where the carboxyl-terminal domain of ELL has been shown to be important for regulation of cell growth by ELL [17] . In case of Drosophila, the amino-terminal domain of its ELL (dELL) is not required for the genetic complementation of the lethal mutation of Drosophila ELL and its carboxyl-terminus is involved in regulating the essential functions of dELL [23] . However, the transcriptional elongation defect of S. pombe ell1 mutant cells is complemented by the amino-terminus of SpELL (Fig. 5 ) similar to mammalian and Drosophila ELL, thus implying that the conserved transcriptional elongation function of ELL requires the amino-terminal domain of ELL in all organisms [14, 23] . Collectively, these observations raise the possibility that some of the functions performed by the different ELL domains in different organisms may have diverged during evolution. Our deletion mutant analysis also showed that the growth of S. pombe ell1 mutant containing only the middle domain 354-465 amino acids was worse than even the ell1 mutant itself under normal growth conditions (Fig.  S4a) . It was also unable to rescue the growth-defect of the ell1 null mutant in the presence of DNA damaging agents and its transcriptional elongation defect (Fig. S4b, e) . To further test if there was any structural basis underlying lack of rescue of ell1 deletion phenotypes by this middle domain, we decided to examine the secondary structure of this middle domain of SpELL encompassing 354-465 amino acids using bioinformatics tools. Six different softwares predicted that the middle domain of SpELL is structurally disordered (Fig. S4c, d) , indicating that the lack of complementation of ell1 deletion phenotypes by this domain may correlate to its lack of conformation. It also seems likely that the presence of 354-465 amino acids in the SpELL mutants expressing either 1-465 amino acids [SpELL(1-465aa)] or expressing 354-533 amino acids [SpELL(354-533aa)] could possibly also affect the conformation of these mutants and thus compromise their ability to completely rescue the ell1 deletion phenotypes. Our in vivo yeast two-hybrid interaction analyses further showed that the amino-terminal domain of SpELL exhibited interaction with SpEAF, whereas no interaction was observed between the middle or carboxylterminal domain of SpELL and SpEAF (Fig. 6) . In comparison, yeast two-hybrid experiments carried out with human homologs of these proteins showed that both the aminoand carboxyl-terminal domains of human ELL interact with human EAF1, but the interaction between human ELL and human EAF2 occurs only through its amino-terminal domain [9, 10] . Interestingly, complementation assay with the human ELL homolog revealed that full-length human ELL and its carboxyl terminal domain partially complement the slow growth phenotype of the S. pombe ell deletion strain (Fig. 7) . This was similar to previously published observations that the carboxyl-terminal domain of human Fig. 7 . Functional complementation of the slow growth phenotype associated with Dell1 strain by human ELL (hsELL) and its amino-and carboxyl-terminal domains. Growth was monitored by taking absorbance at 600 nm at three hour intervals for thirty six hours. Average of three experiments was taken and graph was plotted with mean±SD.
ELL was important for controlling growth of mammalian cells [17] . Taken together, our results suggest that S. pombe provides a tractable model system to not only elucidate the common, conserved characteristics of ELL across different organisms, but also to provide insights into the species-specific differences in the functions and organisation of this protein.
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